Growth retardants have great potential to balance between vegetative and reproductive growth. To assess the effects of prohexadione-calcium (Pro-Ca, Regalis) on reproductive and vegetative growth, return bloom, fruit set, and also fruit quality in 'Golden Delicious' apple grafted on M.9 rootstock, an experiment was performed during 2010-2012. The applications of 125 mg dm -3 Pro-Ca on the same trees in each year resulted in a 40-43% shoot length reducing. Internodes length decreased with Pro-Ca at about 30%, while total node number was unaffected. Results indicate that Pro-Ca applications have no effects on tree trunk growth, flowering, yield, fruit set and development. Pro-Ca also didn't have any negative impact on fruit quality during the three consecutive years. Moreover, Pro-Ca resulted in higher fruit size compared to control in the third year of trial. The results of this experiment clearly suggest that fruit growers can use ProCa for the control of vegetative growth without having any negative effects on fruit quality and yield parameters. Once a full canopy has been achieved, annual shoot growth can be suppressed in the range of 20 to 30 cm with 125 mg dm -3 Pro-Ca treatment in 'Golden Delicious' apple trees.
INTRODUCTION
The importance of vegetative growth regulation in fruit growing is a well-known issue. An uncontrolled increase in vegetative growth negatively affects productivity, fruit quality, pests and diseases control as well as significantly increases the costs of pruning the trees (Forshey et al. 1992) . The control of vegetative development is also very important in terms of adequate flower bud formation. There is an antagonistic relationship between shoot length and flowering (Forshey & Elfving 1989; Tromp 2005) .
Prohexadione, an active component of prohexadione-calcium (Pro-Ca), a gibberellin (GA) biosynthesis inhibitor, blocks the enzymes involved in the biosynthesis of GAs in the pathway between GA20 to GA1 (Rademacher & Kober 2003) . It has been suggested that using Pro-Ca is a good practice for the control of vegetative growth, especially in apple and pear trees (Costa et al. 2002; Elfving et al. 2003; Asin et al. 2007 ). Pro-Ca has some effects on shoot growth reduction of cherry (Elfving et al. 2005; Jacyna et al. 2012) , walnut (Solar et al. 2008) , citrus and avocado (Garner et al. 2010) .
Pro-Ca has a significant impact on the suppression of fire blight disease caused by Erwinia amylovora in addition to the control of vegetative growth (Cline 2006 ). There are a few reports on Pro-Ca effect on flowering or alternate bearing (Byers et al. 2004; Cline et al. 2008) . Nevertheless, there have been observations that prove that agents blocking GA biosynthesis and activity promote flower bud formation (Faust 1989; Costa et al. 2000) . Improvement of red color intensity, increase of fruit Ca content, and reduction of diseases are other useful 48 A.N. Atay, F. Koyuncu _______________________________________________________________________________________________________ effects of Pro-Ca in addition to restriction of tree growth (Greene & Autio 2002; Mata et al. 2006) .
Pro-Ca applications are recommended just before or after the petal fall period (Rademacher & Kober 2003) . Also, shoot growth is very fast after full bloom, and more than 50% of total growth takes place in the spring. For this reason, early applications of Pro-Ca are very influential (Unrath 1999) . On the other hand, cell division is most intense in this period which it is directly related to fruit size at harvest time (Westwood 1995) . Therefore, lowdoses of Pro-Ca should not decrease the cell division rate (Greene 1999; Wertheim & Webster 2005) . The most appropriate Pro-Ca dose for apples is usually around 125-250 mg dm -3 , and minimum 2 applications per season are needed (Evans et al. 1999; Cline 2006) . However, half-life of Pro-Ca in plants is a few weeks. Pro-Ca does not have adverse effects on human health and environment due to the limited half-life (Evans et al. 1999; Wertheim & Webster 2005) .
The major apple growing area in Turkey is located in Isparta, and 'Golden Delicious' still represents almost half of total production (TSI 2013). Pro-Ca has been newly registered in Turkey for use on apples. The aim of this study was to investigate the long-term effects of continual application of Pro-Ca on the same trees. For this purpose, vegetative and reproductive growth, return bloom, fruit set, and also fruit quality were examined in the 'Golden Delicious' apples grafted on M.9 over three consecutive years.
MATERIALS AND METHODS
The experiment was carried out in the Fruit Research Station located in Turkey (37°48′52.16″ N, 30°52′39.66″ E, 920 m a.s.l). The 'Golden Delicious' apple trees on M.9 rootstock, planted with 3.5 × 1 m, were five-years old at the time when the experiment started. The orchard was drip irrigated and fertilized according to soil analysis. The trees were not pruned during the course of the study to determine the actual return bloom. Experimental design was factorial randomized complete block, with 5 replicates using single tree per replication. The applications were performed on the trees of uniform structure in years 2010-2012. Pro-Ca (Regalis, BASF-The Chemical Company) was sprayed twice with 75 and 50 mg dm -3 at 3 week interval. The first spray was performed at petal fall stage using a lowpressure hand-wand sprayer and 1 l of the relevant solution per tree. Before application, the pH of water was set at 4.5-5 with 2 N HCl% and then Pro-Ca was added. The trees were well coated with the prepared solution with 0.1% Tween 20 ® (Merck, Schuchardt, Germany) to increase the efficiency of the chemicals. Control included the unsprayed trees.
Shoot development was determined on the same three bourse shoots per tree at two week intervals during vegetation period in 2010. Additionally, mean shoot length was measured on randomly selected ten bourse shoots taken from different parts of tree canopy following the terminal bud formation (the 3 rd week of July). Internodes length and node number were also recorded on these shoots. To construct fruit growth curves, fruit diameters were measured on three marked fruits at 2 week intervals from petal fall until harvest.
Flower density was recorded as the number of flower clusters per trunk cross-sectional area (TCSA) at pink bloom stage. Calculations of flowering index and cluster numbers per branch crosssectional area (BCSA) were detected on three limbs of uniform size on each tree, according to Westwood (1995) . Fruit set, yield efficiency and crop density were determined at commercial harvest. Alternate bearing index (ABI) was calculated by the formula of Hoblyn et al. (1936) based on fluctuations of yield in successive years. We also assessed the modified alternate bearing index (MABI), developed by Racskó (2008) , with flowering values instead of yield.
Average fruit weight, fruit diameter and length/diameter (L/D) were determined at 15 fruits for each tree at the harvest time. Fruit firmness (a hand-held penetrometer with 11.1 mm tip) and soluble solids concentration (SSC) (digital refractometer, HANNA, HI 96801) were also measured. After firmness measurements, seed numbers for each fruit were recorded.
When the F-test were statistically significant in ANOVA, means were separated using Fisher protected Least Significant Difference (LSD) with SASEffects of prohexadione-calcium on vegetative and reproductive growth 49 ____________________________________________________________________________________________________________________ JMP software version 7.0 (http://www.jmp.com/software/). Piecewise linear regressions for shoot and fruit development were performed using SegReg (http://www.waterlog.info/pdf/regtxt.pdf) software.
RESULTS
The effects of Pro-Ca on mean shoot length were statistically significant throughout the threeyear period (P = 0.0001). Pro-Ca highly reduced the shoot growth compared with the control (Table 1) . Mean shoot length in Pro-Ca was 22.8 cm, 32.5 cm, and 24.7 cm for 2010, 2011, and 2012, respectively, whereas in control, it was recorded as 38.2 cm, 54.0 cm, and 43.1 cm, respectively. Pro-Ca application significantly reduced the internodes length compared with the control (P = 0.0169) ( Table 1) . Internodes length was found as 30.1 mm in control and 21.0 mm in Pro-Ca applied shoots, whereas node numbers were similar. Shoot development of Pro-Ca applied trees and regression equations are given in Figure 1 . The shoot length of control increased linearly from full bloom to 45 days after full bloom (DAFB), after that the growth decreased, and a limited growth continued until the end of growing season (Fig. 1A) . The treatments of Pro-Ca significantly inhibited the shoot growth almost 30 DAFB when shoot length was 15.6 cm in Pro-Ca and 25 cm in control (Fig. 1B) . The growth of Pro-Ca applied shoots increased a little again after 60 DAFB. There was no increase in control shoots at that time. The lengths of control and ProCa applied shoots were 37.2 cm and 18.5 cm respectively, in that period.
The Pro-Ca treatment did not have a significant effect on fruit development in the present study. A similar growth curve was exhibited by both control and Pro-Ca applied apples, as shown in Figure 2A , B. As usual, it demonstrated a linear increase in fruit diameter in the beginning of fruit growth, followed by a slow curvilinear enlargement when maturity approached. Note: see Table 3 Effects of prohexadione-calcium on vegetative and reproductive growth 51 ____________________________________________________________________________________________________________________ There was no significant influence of Pro-Ca application on tree trunk growth over the 3-trail years although TCSA relatively increased year to year (Table 2) . However, the flowering and yield parameters of Pro-Ca treated trees were not different than the control (Table 3, 4) . Besides, high alternate bearing intensities were detected both in control (0.92) and Pro-Ca (0.97) trees (Table 5) .
Pro-Ca treatments did not cause any significant differences on fruit weight and diameter in 2010 and 2011 (Table 6 ). However, fruit diameter of Pro-Ca was greater than control in 2012 (P=0.0241). No differences in L/D or SSC were noted for three years. Pro-Ca relatively affected fruit firmness in the first 2 years, but not in the last year, however firmness values ranged between 6.4 and 7.4 kg in the three-year period. Seed numbers did not show differences between the control and the Pro-Ca treated trees (Table 6 ). (2008) P-value -probability of F statistic 
DISCUSSION
There have been numerous experiments about the control of vegetative and reproductive growth of fruit trees with retardants, but apparently almost all of them lasted only one year. This study was initiated to document the long-term effects of continual Pro-Ca application on the same trees. Greene (2008) also reported results of multiple-year applications of Pro-Ca. However, that study was conducted on semi-intensive orchard and carried out on 'Mutsu' and 'McIntosh' apple cvs grafted on M.7. We investigated response of intensive apple orchards grafted on dwarf rootstock M.9. Because intensive orchards are crucial for modern fruit production (Robinson 2003) , the control of vegetative growth is a fundamental principle in intensive orchards.
The most evident effect of Pro-Ca in the current study was the decrease of shoot length. Compared to control, Pro-Ca reduced the shoot length by 40% in 2010 and 2011 and by 43% in 2012. Pro-Ca helps to reduce the growth due to inhibition of GA1 prolong shoots by stimulating cell growth and division (Wertheim & Webster 2005) . Treatment with Pro-Ca reduced shoot length by 21-71% in apples depending on the dose, timing of treatment and cultivar (Miller 2002) . Similar effects were observed in 'Smoothee Golden Delicious' (Medjdoub et al. 2004) , 'Empire' (Cline et al. 2008), and 'Royal Gala' and 'Fuji' (Mata et al. 2006 ) apple trees. These reports accord with our findings showing that Pro-Ca inhibits the lengthening of apple shoots. The shoots of both control and Pro-Ca treated trees were longer in the 2011 than in 2010 and 2012 due to the deterioration of vegetative and generative balance. Indeed, the 'Golden Delicious' has a strong tendency to alternate bearing in Isparta/Turkey (Atay et al. 2013) . Medjdoub et al. (2004) and Mata et al. (2006) reported that reduction in shoot growth is mainly the result of shortening of internodes. In our experiment, Pro-Ca reduced the length of the internodes by about 30%, while total node number in shoot was unaffected.
Apple shoots grow most rapidly after bloom and follow a sigmoid growth curve (Greene & Autio 1994) . However, in our trial, a regrowth occurred at 60 DAFB in Pro-Ca applied shoots. The limited half-life of Pro-Ca indicates its short-lived effects (Wertheim & Webster 2005) . In fact, the second Pro-Ca application of this experiment was performed at 30-40 DAFB. It is evident that repeated sprays of Pro-Ca have been a limiting factor in the efficiency of treatments as well as the time of application (Miller 2002; Cline 2006) . In this trial, the shoot growth of 'Golden Delicious' apple trees continued until 70 DAFB in control, but more than 80% of the total shoot growth was completed in 45 DAFB. The second spray must be applied before 45 DAFB for effectively controlling the regrowth of shoots.
Fruit diameters were regularly measured to reveal the physical fruit growth dynamics in the ProCa application from petal fall to harvest time. Conversely to shoot elongation, Pro-Ca treated apples had a similar growth curve to the control. The effects of Pro-Ca on fruit development were similar to control. It is evident that Pro-Ca had a direct effect on shoot growing, but it had no effect on fruit development in apple.
Agents blocking GA biosynthesis and activity have been generally observed to promote flower bud formation (Faust 1989 ). However, Pro-Ca, a GA inhibitor, had no evident effect on flowering, yield and alternate bearing in our study. Similar observations were also found by Cline et al. (2008) and Duyvelshoff and Cline (2013) . Byers et al. (2004) reported that the effect of Pro-Ca on flowering is neutral.
There are contrary findings revealing the relationship between Pro-Ca and fruit set. While Medjdoub et al. (2005) and Greene (2008) have reported that Pro-Ca increases fruit set, other researchers explained it as ineffective (Costa et al. 2000; Miller 2002 ). In the present study, Pro-Ca has no significant influence on fruit set compared to control. As a matter of fact, like many PGRs, the effects of Pro-Ca could vary according to cultivar. In the study of Medjdoub et al. (2005) , Pro-Ca was effective in 'Gala' but not in 'Fuji' to increase the fruit set. In addition, fruit set increased especially above 125 mg dm -3 of Pro-Ca (Byers et al. 2004 ). Therefore, possible side effects were minimal in low-dose Pro-Ca (Greene 2008) .
Although there has been no reported disadvantage of Pro-Ca treatment related to fruit quality, long-term monitoring of the Pro-Ca effects on the same trees has been suggested (Wertheim & Webster 2005) . In our research, Pro-Ca had no bad influence on fruit quality compared to control throughout the three consecutive years. Additionally, Pro-Ca resulted in higher fruit weight and diameter values compared to control in the last trial year. It could be the effect of the reduction of competition between growing shoot tips and developing fruitlets for assimilates, nutrients and hormones because the growing shoot tips are characterized with much stronger sink for metabolites than fruitlets (Treharne et al. 1985) . There was high correlation between seed number and fruit quality parameters in apple (Buccheri & Di Vaio 2004; Blažek & Hlušičková 2006) . In our experiment, Pro-Ca treatment had no effect on seed number for three years like fruit set.
CONCLUSIONS
Pro-Ca is a good agent for vigor control in intensive apple orchard. After a full canopy has been Effects of prohexadione-calcium on vegetative and reproductive growth 53 ____________________________________________________________________________________________________________________ achieved, the annual shoot growth can be suppressed in the range of 20 to 30 cm with 125 mg dm -3 ProCa treatment in 'Golden Delicious' apple trees without having any negative effects on fruit quality and yield parameters.
